The synthesis of new ternary hydrides in the Mg x Mn y H z -system (x:y = 1, 2, 3, or 4:1) was investigated by applying high pressures. Powder mixtures of magnesium hydride and manganese were pressed into a pellet and compressed at a pressure of 6 gigapascal by using a machine with 6-8 multi-anvils during heating up to 873 K. The resultant samples were studied by means of X-ray powder diffraction, thermogravimetry and differential thermal analysis. A new hydride of Mg 3 MnH 5∼6 containing at least 2.4 mass% hydrogen was found, which can be indexed as a monoclinic structure with cell parameters of a = 0.8827(2) nm, b = 0.4657(2) nm, c = 0.4676(2) nm and β = 105.72(2) • . The desorption temperature of hydrogen was determined as 603 K.
Introduction
The development of hydrogen storage materials with high capacity is one of the key issues for wide practical applications in hydrogen energy system. Complex transitionmetal hydrides such as Mg 2 NiH 4 , Mg 2 CoH 5 , Mg 2 FeH 6 , and Mg 3 MnH 7 exhibit higher weight efficiencies, compared to intermetallic compound ones. Recently, syntheses of complex hydrides by various methods have been reported. [1] [2] [3] [4] [5] [6] For example, Mg 2 CoH 5 and Mg 2 FeH 6 were directly synthesized by ball milling without sintering. 2, 3) The utilization of highpressure technology was applied in synthesizing new ternary complex hydrides of rhenium and manganese, which contain high-coordination complex anions, respectively. [4] [5] [6] These experiments were performed at relatively low hydrogen pressures, and thus the chemical reactions require longer time. Bronger, Friman and Landis 7, 8) have reported that the formation of complex metal hydrides with higher hydrogen content can be attributed to increase in the oxidative power of hydrogen with increasing hydrogen pressure. It was also reported that high-pressure techniques were applied to the Mg 2 Ni-H and Ca-Mg-Ni systems under mechanical pressures of 5-6 gigapascal (GPa). [9] [10] [11] Thus, there have been many indications that the usage of gigapascal high pressures is promising for synthesizing new hydride materials.
We decided to explore the ternary system of Mg-Mn-H, since manganese can form a complex anion framework with hydrogen in a matrix of magnesium and this system can be a good candidate for light-weight and high hydrogen capacity materials. The aim of this work is to synthesize new materials in this system at a pressure of 6 GPa during heat treatment. The phases in the samples were analyzed with X-ray powder diffraction. The formation of hydrogen containing compounds was also confirmed by investigating the dehydro- * Graduate Student, Osaka University. genation properties.
Experimental
Magnesium hydride (MgH 2 , Alderich Chemical Company, 90%) and manganese (Mn, Rare Metallic Co., Ltd., 99.9%) were used as the starting materials. All material handling was performed in a glove box filled with argon gas (< 1 ppm O 2 ). Powders of MgH 2 and Mn were mixed in molar ratios of 1, 2, 3, or 4:1, respectively. The powder mixtures were pressed into a pellet and placed in a sodium chloride (NaCl) capsule, which was surrounded by a graphite heater and a pyrophyllite octahedron. This cell was compressed at a pressure of 6 GPa by using an UHP-2000 machine with 6-8 multi-anvils. Details of this setup can be found elsewhere. 11, 12) Thermal treatment at 873 K was carried out after the pressure was settled down.
The resultant samples were studied by X-ray diffraction (XRD) using a Rigaku RINT2000 powder diffractometer. The microstructure was observed with a JOEL JSM-5600 scanning electron microscope equipped with an energy dispersive X-ray spectroscope (SEM-EDXS). The dehydrogenation process was measured by temperature programmed desorption (TPD) analysis by using a BEL JAPAN TPD-1-AT, heating to 773 K in vacuum. Thermogravimetry (TG) and differential thermal analysis (DTA) were performed by using a Rigaku Thermo Plus TG8120 apparatus, heating to 773 K at a rate of 5 K/min in an argon gas flow. Figure 1 shows the X-ray powder diffraction patterns of the Mn-x at%MgH 2 (x = 50, 67, 75, 80) samples after a highpressure thermal treatment along with an initial mixture. High pure silicon (Si, 99.9995%) was mixed as an inner standard. All the powder patterns in Fig. 1 except the bottom one show the presence of NaCl from the sample tube and also unreacted Mn as indexed by filled circles. However, new diffraction peaks appeared after the high-pressure treatment. Moreover, a color change was observed from originally dark gray to brown. In order to find out whether the new peaks in Fig. 1 belong to single or multi-phases, the microstructure was investigated by using an EDXS technique. The SEM images in Fig. 2 taken from the Mn-x at%MgH 2 ((a) x = 67, (b) x = 75) samples similarly contain three phases; the white spots are from Mn and the black spots are from Mg (MgO), whereas the gray matrix consists of Mg and Mn in a molar ratio of 3-4:1.
Results and Discussion
By the detailed structural analysis, the new peaks were indexed as a monoclinic structure with cell parameters of a = 0.8827(2) nm, b = 0.4657(2) nm, c = 0.4676(2) nm and β = 105.72 (2) • and it is believed that the new phase identified belongs to a hydride phase corresponding to Mg 3 MnH [5] [6] . Even though the formation of novel hydride of Mg 3 MnH 7 by using high-pressure synthesis has been reported, 6) by simulating the XRD pattern of Mg 3 MnH 7 high-pressure phase with LAZY PULVERIX, 13) it was concluded that the hydride prepared in this study appeared to be different from the reported one. Further structural analysis of this new compound is in progress. Figure 3 illustrates the TG and DTA curves of the Mn-67 at%MgH 2 samples. The curves of the initial mixture ( Fig.  3(a) ) show the increase in weight percent at an onset tem- perature of 610 K. This is most likely due to the oxidation of Mn and then hydrogen was released at 700 K from MgH 2 before oxidizing. After high-pressure treatment, the TG/DTA curves ( Fig. 3(b) ) show a lower onset temperature; a weight loss of 2.4 mass% was observed at 603 K under the endothermic process, thus indicating a release of hydrogen. TPD analysis also indicated that the samples released hydrogen gas at 573-603 K, which is in agreement with the results from the TG/DTA measurement. Because this sample contained a certain amount of Mn and MgO phases, it is expected that Mg 3 MnH 5-6 can exhibit high hydrogen storage capacity of 3.8-4.5 mass% by obtaining a single phase.
Conclusion
The preparation of ternary hydrides in the Mg x Mn y H zsystem was investigated at 6 GPa during heat treatment at
